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(54) LED lamp 

(57) An LED lamp includes blue and red LEDs and 
a phosphor. The blue LED produces an emission at a 
wavelength falling within a blue wavelength range. The 
red LED produces an emission at a wavelength falling 
within a red wavelength range The phosphor is pho- 
toexcited by the emission of the blue LED to exhibit a 
luminescence having an emission spectrum in an inter- 
mediate wavelength range between the blue and red 
wavelength ranges. 
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Description 

BACKGROUND OF THE INVENTION 

5 [0001] The present invention relates to a light-emitting diode (LED) lamp and mo r e particularly relates to an LED 
white light source. 

[0002] An LED is a semiconductor device that can produce an emission in a brilliant color highly efficiently in spite 
of its very small size. And the emission produced by an LED has an excellent monochromatic peak. To produce white 
light by diffusing and combining the emissions of multiple LEDs, a color mixing process is needed. For example, throe 

io LEDs, each producing an emission at a wavelength in the red, green or blue range of the visible spectrum (which will 
be herein called red : green and blue LEDs. respectively), should be placed closely to each other. However, each of 
these LEDs has an excellent monochromatic peak. Accordingly, the white light produced by mixing these co'ors with 
each other is often uneven. That is to say : where the emissions in the three primary colors cannot be combined together 
in a desired manner, the resultant white light will be uneven. To eliminate this problem of color unevenness, a technique 

15 of producing white light by using abiueLEDanda yellow emitting phosphor in ccmbi nation was developed as disclosed 
in Japanese Laid-Open Publication No. 1 0-242513, for example. 

[0003] According to the technique disclosed in this publication, white light is produced by combining the emission 
produced by the blue LED with the luminescence that is exhibited by the yellow emitting phosphor when photcexcited 
by the emission of the blue LED. In this case, white light is obtained using only one LED. Accordingly, the problem of 
20 color unevenness, typically observed where multiple different types of LEDs closely d sposed are used to produce 
white light, is avoidable. 

[0004] In the prior art, LEDs have boon mainly applied to display devices For that reason, the use of multiple LEDs 
in combination as a white light source (or general illumination lamp) has not yet boon researched and developed 
sufficiently. Where LEDs are used for a display device, just the light emitted spontaneously from the LEDs should have 
25 its properties optimized. However, where LEDs are used in combination as a lamp, the white light, with which an object 
will be illuminated, should have its color render ng performance adjusted as well And in the current state of the art. 
no one has ever succeeded in developing an LED lamp with optimized color rendering performance 
[0005] It is true that the LED disclosed in the above-identified pubhcat'cn can contrhute to producing white light 
However, wo found that the following problems arise where the LED ana yciiow omitting phosphor a^c used in combi- 
ne nation as an LED lamp. Specifically, the known LED lamp produces white light by util'zing the emission of the blue 
LED and the luminescence of the yeiiow emitting phosphor. Thus, the spectra! distribution of the light produced by the 
LED lamp lacks the emission spectrum for red spectral components covering a wavelength range of 600 nm or more, 
in that case : it the blue LED with the phosphor is used as an illuminator or backlight, t^e red spectral components of 
the object illuminated cannot be reproduced sufficiently. In addition, since the white light is short of the red spectral 
35 components it is difficult to make an LED white light source with a relatively low correlated eoler temperature. We 
found it hard for the known white light LED lamp to have a general color rendering index Ra exceeding about 85 even 
where the light produced by the lamp has such a color as requiring relatively high corelated color temperature (i.e.. 
even if the white light may short of red spectral components). If the white light is appraised by a special color rendering 
index R9, indicating how brilliant the color red i'luminated by the light source look to the human eye. then the red color 
-to reproducibility of the white light is obviously poor, e g . the special color rendering index R9 is as Sow as about 50. 

[0006] To compensate for lack of the red emission spectrum covering the wavelength range of 600 nm or more we 
also modeled a modified LED lamp that further included a red emitting phosphor in addition to the b'ue LED and yellow 
emitting phosphor as disclosed in the publication identified above However, such a lamp results in very low energy 
conversion efficiency, because the red spectra! components are made up for by getting the red emitting phosphor 
45 photcexcited by the emission of the blue LED. That is to say. producing a red emission with the blue emission means 
a long conversion wavelength, thus considerably decreasing the energy conversion efficiency in accordance with the 
Stokes' law As a result the I FH lamp will have its luminous efficacy decreased too much. Thus, it is not practical to 
add a red emitting phosphor to the blue LED and yellow emitting phosphor 

SUMMARY OF THE INVENTION 

[0007] it is therefore an oojec; of the presort invention to p r ov:do a n LED l -.~ i o w ; *n good cole 'eorcd^c b litv and 
high luminous efficacy 

[0008] An LED lamp according tc me p r e?e nr invention rrindeq blue and md LEDs ard a phosphor The blue LED 
55 produces an emission at a wavelength falling within a blue wavelength range The red LED produces an emission at 
a wavolongth failing witnin a 'ed wavelength range. The phosphor is ohotoexcited by the emission cf the blue LED to 
exhibit a luminescence having an emission spectrum in an intermediate wavelength range between the blue and red 
wavelength ranges. 
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[0009] In one embodiment of the present invention, the red LED may produce the emission at a peak wavelength of 
600 nm or more 

[0010] In another embodiment of the present invention, the blue LED may produce the emission at a peak wavelength 
of between 450 and 470 nm The red LED may produce the emission at a peak wavelength of between 610 and 630 

5 nm. And the phosphor may exhibit the luminescence at a peak wavelength of between 520 and 560 nm. 

[001 1] In still another embodiment, if the LED lamp has a correlated color temperature of 5000 K or more and if color 
rendering performance of the lamp is appraised using a reconstituted daylight source as a standard source, the blue 
LED may produce the emission at a peak wavelength of between 450 and 460 nm. the red LED may produces the 
emission at a peak wavelength of 600 nm or more and the pnosphor may exhibit the luminescence at a peak wavelength 

10 of between 520 and 560 nm. 

[0012] In an alternative embodiment, if the LED lamp has a correlated color temperature of less than 5000 K and if 
color rendering performance of the lamp is appraised using a blackbody source as a standard source, the red LED 
may produce the emission at a peak wavelength of between 615 and 650 nm and the phosphor may exhibit the lumi- 
nescence at a peak wavelength of between 545 and 560 nm. 

15 [0013] In yet another embodiment, the inventive LED lamp may further include means for controlling an intensity of 
the emission produced by the red LED. 

[0014] In this particular embodiment, tne control means nay be a variable resistor. 

[0015] More specifically, the blue LED preferably predjees the emiss.on at a peak wavelength of between 455 and 
465 nm, the red LED preferably produces the emission a: a peak wavelengtn of between 620 and 630 nm, and the 
20 phosphor preferably exhibits the luminescence at a peak wavelength of between 540 and 550 nm. 

[0016] In yet another embodiment, the phosphor may be a yellow emitting pnosphor that exhibits a yellow lumines- 
cence when photoexcited by the emission of the blue LED 

[0017] in that case, the yellow emitting phosphor is preferably either a YAG phosphor or a phosphor doped with Mn 
as a luminescence center. 

25 [0018] In an alternative embodiment, the phosphor may be a green emitting phesphorthat exhibits a green lumines- 
cence when photoexcited by the emission o f the blue LED 

[0019] Then, the green emitting phosphor is preferably either a YAG phosonor or a phosphor doped wth at least 
one element selected from the group consisting of Td, Ce Eu and Mn as a luminescence center 
[0020] In yet another embodiment the blue and rca LEDs and the pnoscnor may oo integrated tegetner within a 
30 single envelope. 

[0021] In that case, a site at which the blue LED produces the emission thereof and a site at which the red LED 
produces the emission thereof may be both located in a single chip. 

[0022] In yet another emoodiment. an LED light source which includes tne o „e LED and the phosphor, and another 
LED light source, including the red LED. may be separately disposed to make a cluster. 
35 [0023] An inventive lamp unit includes: at least one LED lamp according tc the present invention: and a power supply 
for supplying power to the lamp. 

[0024] In one embodiment of the present invention, the lamp unit may further include a reflector for reflecting light 
produced from the lamp(s). 

[0025] An LED lamp according to the present invention includes a red LED and can compensate for lack of the red 
•*o emission spectrum covering a wavelength range of 600 nm or more without decreasing the luminous efficacy of the 
lamp. Thus the present invention provides an LED lamp that can produce white light with goca coior reproduciDi iity 
and high luminous efficacy. 

[0026] Also, where the peak wavelengths of the blue and red LEDs and phosohor arc between 450 and 470 nm. 
between 61 0 and 630 nm, and between 520 and 560 nm, respectively, an LED lamp with good color reproducibility is 
45 realized. Furtnermore, where tne inventive LED iamp additionally includes means for controlling the luminous intensity 
of the red LED ; tne luminous intensity of the red LED is easily controllable Accordingly, the inventive LED lamp can 
arbitrarily change the color of the light produced 

BRIEF DESCRIPTION OF THE DRAWINGS 

so 

[0027] 

FIG. 1 schematically il -strates a str jcture f or an s_ED 'amp according to a first embocimer.: of the present invention. 
FIG 2 is a graoh illustrating a schematic spectra! d:str b'Jt'on of the LED '?.no show^ in FIG 1 . 
55 FIG. 3 is a graph illustrating another schematic spectral distribution of the LED lamp shown in FIG 1. 

FIG. 4 is a graph illustrating an actual spectral distribution of the LED lamo shown in FIG 1. 
FIGS, 5A through 5D are graphs illustrating various other spectral distributions of the LED lamp shown in FIG. 1 . 
FIG. 6 schematically illustrates a circuit for an LED lamp that can produce light in variable colors. 
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FIG. 7 is a chromaticity diagram of the LED lamp shown in FIG 1. 

FIG. 8A is a graph illustrating a spectral distribution o* the LED lamp shown in FIG. 1 with optimized color repro- 
ducibility where the lamp has a correlated color temperature of 30CC K; and 
FIGS 8B and 8C are graphs illustrating its gamut rat cs Ga and Gg4, respectively 
5 FIG. 9A is a graph illustrating a spectral distributor o ; the LED lamp shown in FIG. 1 with optimized color repro- 

ducibility where the lamp has a correlated color temoerature of 5000 K: and 
FIGS 9B and 9C are graphs illustrating its gamut rat cs Ga and Ga4, respectively 

FIG. 10A is a graph illustrating a spectral distribution of the LED lamp shown in FIG. 1 with optimized color repro- 
ducibility where the lamp has a correlated color temoorature of 6700 K; and 
10 FIGS. 10B and 10C are graphs illustrating its gamut ratios Ga and Ga4, respectively. 

FIGS 11 A through 11C are graphs each illustrating relationships between the peak wavelength (nm) of the red 
LED chip shown in FIG. 1 and the Ra index. 

FIGS. 12A through 12C are graphs each illustrating relationships between the peak wavelength (nm) of the red 
LED chip shown in FIG 1 and the Ra index 
'5 FIGS 13A through 13C are graphs each illustrating relationships between the peak wavelength (nm) of the red 

LED chip shown in FIG. 1 and the Ra index. 

FIGS. 14A through 14C are cross-sectional views ill js'/ating respective process steps for fabricating a single LED 
bare chip that produces red and blue emissions. 

FIGS, 15A through 1 5C are cross-sectional views illustrating various cross-sectional structures for LED bare chips 
20 according to a third embodiment of the present invention. 

FIGS 16A through 16C are cross-sectional views illustrating various other cross-sectional structures for LED bare 
chips according to the third embodiment. 

FIGS 17A through 17C arc cross-sectional views iL-s'/ating various other cross-sectional structures for LED bare 
chips according to the third embodiment. 
2S FIGS. 18A through 18C are cross-sectional views ilLst'atmg various other cress-sectional structures for LED bare 

chips according to the third embodiment. 

FIG. 19 schematically illustrates an arrangement for LED lamp array according to a fourth embodiment of the 
present invention 

FIG. 20 schematically Uustratos an arrargomont for arc:^e r LED iarnp array according to the fourtn omoodimcnt. 
30 FIG. 21 schematically illustrates a structure for a lamp unit according to a fifth embodiment of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0028] Hereinafter preferred embodiments of the present invention will be described with reference to the accom- 
35 panying drawings, in which each member with substantially tne same function will be identified by the same reference 
numeral for the sake of simplicity of description. 

EMBODIMENT 1 

40 [0029] FIG. 1 schematically illustrates a structure for an _ED iarnp 100 according to a first embodiment of the present 
invention. As shown in FIG. 1. the lamp 100 includes b^e LED chip 11, red LED chip 12 and phosphor 13, which is 
photoexcitcd by the emission of the blue LED ch p 11 to exhibit a luminescence. 

[0030] The blue LED chip 11 may be a GaN-based blue LED chip, for example The red LED chip 12 may be an 

AllnGaP-. GaAsP- or GaAIAs-based red LED chip, for example. In the illustrated embodiment, the GaN-based blue 
•*5 LED chip is a blue LED bare chip including a light-emitting layer made of a GaN compound, while the red LED cmp is 

a red LED bare chip including a light-emitting layer made cf an AllnGaP. GaAsP or GaAIAs compound. In any case. 

each horn-emitting layer made of any of these compounds is tne site at which the associated LED produces its emission. 

[0031] The pnosphor 13 exhiDits a luminescence havirg an emission spectrum m an intermediate range oetween 

the blue and red wavelengtn ranges of the blue and red ^ED chips 1 1 and 12. The phosohor 13 is photoexcitcd by the 
*° omiss on of the D'uc LED enin 11 to cxnioi- a luminescence r any color Lo'.aco . qreer and yellow Pro'crnbly the 

phosphor 13 is either yel ; ow or green emitting phosphor t should be noted that the luminescence exhibited oy the 

phosphor 13 may natura .y fce f ucoscence but also be p^ r-sc^orescence as well 

[0032] FIG. 2 schematically illustrates a spectral distribution of the light produced oy the LED lamp 100. in FIG. 2 t 
the abscissa in crates rha w^v^ngth while the ordinate indicates the luminous intensity As shown in FIG 2, the 
55 spectra! distribution of the LED 100 includes blue (B) ana red (R) emission spectra 21 and 23 and emission (G-Y) 
spectrum 22 m any color between green and orange (e g., yellow). The B spectrum 21 rcp r cscnts the emission of the 
blue LED chip 11. The G-Y spectrum 22 represents the : uminescence that is exhibited by the phosphor 13 when 
photoexcited by the emission of the blue LED ch.p 11. Anc the R spectrum 23 represents the emission of the red LED 
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chip 12. 

[0033] As shown in ^IG. 2, the spectral distribution of the LED lamp 100 includes the emission spectrum 23 of red 
spectral components in addition to the cm ssion spectra 21 and 22. Accordingly, the lamp 100 can produce desired 
white light because the red omission spectrum covering the wavelength range of 600 nm or more, which the white light 

5 produced by the known LED lamp has been short o f . is supplemented, The red emission with the spectrum 23 is not 
the luminescence exhibited by a red emitting phosphcr when photoexcited by the emission of the blue LED 1 1 , but is 
produced from the red LED chip 12 itself. Accordingly, tne lamp 100 does not have its luminous efficacy decreased. 
As described above, where red emission should be produced using the emission of the blue LED chip 11, the lamp 
will have Its luminous efficacy decreased considerably in accordance with the Stokes' law because the blue emission 

10 must be converted into the red emission at a very long wavelength. In contrast, the lamp 100 can get the red emission 
with the spectrum 23 produced directly from the red LED chip 12. Thus, the lamp 100 can produce white light with 
good color reproducibility while compensating for lack of the red spectral components and without decreasing the 
luminous efficacy thereof 

[0034] Also, where the emissions with the spectra 21 , 22 and 23 shown in FIG. 2 should get produced directly from 
'5 three LED chips, the resultant white light will be uneven in colors. This is because it is difficult to diffuse and mix the 
respective colored emissions with outstanding monochromatic peaks in such a manner as to produce the desired white 
light. In contrast, the LED lamp 100 of this embodiment uses the luminescence, exhibited by the phosphor 13 when 
photoexcited by the envssion of the blue LED 1 1 , to make the intermediate spectrum 22 exist between the spectra 21 
and 23 of the blue and red LED chips 11 and 12. Forthat reason, compared to the srtuation where the emissions with 
20 the spectra 21 , 22 and 23 are directly produced from three LED chips, it is much easier to diffuse and mix the colors 
evenly enough As a result, it is possible to produce desired white light with the color unevenness much reduced or 
even substantially eliminated. 

[0035] The blue and red LED chips 11 and 12 and the phosphor 13 can be characterised by the peak wavelengths 
of their emission spectra 21, 23 and 22. In the illustrated embodiment, the blue LED chip 11 has a peak wavelength 

25 of 500 nm or less, while the red LED chip 12 has a peak wavelength of 600 nm or more. A blue-green LED chip wrth 
a peak wavelength of 540 nm or less, for example, may also be used as the blue LED chip 11 . Thus, the "blue LED 
(or blue-liqht-emitting diode') chip" herein comprises a 'blue-green LED (or blue-green-liqht-emrtting diode) chip'\ 
Where a blue green LED chip is used the phosphcr 13 should exhibit a luminescence when photoexcited oy the 
emission of the blue-green LED cnip. 

30 [0036] The phesphor 13 has a peak wavelength fal'ing between the peak wavelengths of the blue and red LED chips 
11 and 12. If the phospnor 13 is a yellow emitting phosphcr. the phosphor 13 has a peak wavelength preferably between 
540 and 590 nm, more preferably between 550 and 590 nm. On the other hand, if the phosphor 13 is a green emitting 
phosphcr, the phosphor 1 3 has a peak wavelength preferably between 480 and 550 nm : more preferably between 500 
and 560 nm. 

35 [0037] Where the G-Y spectrum 22 is broadly distributed as shown in FIG. 3, a definite peak of luminescence does 
not always have to exist between the B and R spectra 21 and 23. In that case, the spectrum 22 of the phosphor 13 
may also be characterized by determining a virtual peak wavelength between the B and R spectra 21 and 23. Then, 
the virtual peak wavelength may be located between (e.g.. the midpoint of) the peak wavelengths cf the B and R spectra 
21 and 23. 

40 [0038] Referring back to FIG 1, the blue and red LED chips 11 and 12 and phosphor 13 are integrated together 
within a single envelooe in the LED white light source (o r LED lamp) 100. Specifically, the blue and red LED chips 1 1 
and 12 are placed on a plate-like (or cup-like) pedestal 17, which is an integral part of a leadframe 14. And the phosphor 
13 covers the blue and red LED chips 11 and 12 on the pedestal 17. The lamp 100 may be modified in various manners 
so long as the phosohor 13 can exhibit a luminescence when photoexcited by the emission of the blue LED chip 11 . 

4 $ Accordingly, the phosphor 13 may either partially cover the blue and red LED chips 1 1 and 12 or even not cover the 
blue or red LED chip 11 or 12 at all. 

[0039] The lowerend fi e lower terminal) of the blue LED chip 11 is in contact with the pedestal 17 and is electrically 
connected to a iead 14a mciuaea in the leacframe 14. On tne other nand. the upper era ^i.e., upper terrr..r.a. ; of the 
blue LED cnip 11 is electrically connected to another lead 14b via a bonding wire 15. The lower end of the red LED 
* n erne 12 is also »" c.' n tact w the pcacstrii 17 a^o \s e er.-c-il-y corrected to the iead 14a. ""he ucp>j' end c e the red 
LED chip 12 is electrically connected to still another lead 14c via another bonding wire 15. 

[0040] In the /luStratod embed men.:, the anodes a"d cathodes o f the. >_ED b^r^ chos 11 and 12 are disoosed on 
the upper and lower surfaces of the chips 1 1 and 12. Alternatively, eacn LED bare chip may have its anode and cathode 
formed on the uppe r o r i^w^r ci irf^-o rhprpnf Farh nf rnpse I FD hare chins 1 1 and 12 can be prepared by a known 
55 process, e.g.. by depositing a light-emittrg layer for the LED on a substrate. Also in the illustrated embodiment, the 
LED chips 11 and 12 are eiectricaiiy connected to the leadframe 14 by a wire bending technique. Altcrnatvefy, the 
LED chips 11 and 12 may a'so be flip-chip mounted on the leadframe 14. Then, the bonding wires 15 can be omitted. 
[0041] The leadframe 14 is electrically connected to an external circuit (e.g., lighting circuit) not shown in FIG. 1. 
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When power is supplied to the lamp 100 through the leadframe 14 to energize the blue and red LED chips 11 and 12. 
the lamp 100 p r oduces white light with its red spectral components supplemented. Also, by regulat.rg the power sup- 
plied to the lamp 100 through the leadframe 14, the lamp 100 can have its brightness controlled. 
[0042] The pedestal 17 or, which the blue and red LED chips 11 and 12 are mounted, the bonding wires 1 5 and parts 
5 of the leadframe 14 are molded together with a bulletlike transparent plastic encapsulant 16. The plastic encapsulant 
16 may be epoxy or slicone resin, for example The plastic encapsulant 1 6 does not have to be formed in the illustrated 
bullet shape, but may be parallelepiped like a chip for a surface mount device (SMD). 

[0043] In the integrated LED lamp 1 00 shown in FIG. 1 , the lead 14a is used in common for the blue and red LED 
chips 11 and 12 and those chips 11 and 12 are mounted on the same pedestal 17. Accordingly the blue and red LED 

10 chips 11 and 12 can be coupled together thermally. Then, it is easier to control the temperature characteristics of the 
lamp 100 because these chips 11 and 12 can be used at substantially equal temperatures. Otherwise, i.e. if four leads, 
not including the common lead 14a shown in FIG. 1. were used and if the blue and red LED chips 11 and 12 were 
mounted on two of the four, it would be necessary to control the temperature characteristics of the blue and red LED 
chips 11 and 12 independently. This is because the LED chips 11 and 12 are semiconductor devices, and show mutually 

15 different temperature dependence during their operations. In contrast, where the blue and red LED chips 11 and 12 
arc mounted on the same pedestal 17 and coupled together thermally as is done in this cmbodimcrt. it is possible to 
compensate fcthat difference in operation temperature much more easily. In addition, compared to tne realization 
using four leads, the embodiment shown in FIG. 1 can reduce the number of leads (i.e., extended electrcdes) needed, 
thus cutting down the manufacturing cost of the lamp 100. 

20 [0044] The number of leads included in the leadframe 14 is not limited to three as required when cne lead 14a is 
used in common forthe LED chips 11 and 12. It is naturally possible to use four leads without using the common lead 
14a. Also, if the blue and red LED chips 1 1 and 12 are electrically connected in series together with a forward current 
made to flow in the same direction through these chips 11 and 12, the number of leads may be minimized to two. 
[0045] Furthermore, the LED lamp 100 is an integrated one, and is implementable at a relatively small size. Moreover, 

25 the blue and red LED chips 11 and 12 are mounted on the same pedestal 17 and are covered with the phosphor 13. 
Accorcmgiy. the phospror 13 can scatter and disuse the emissions of the blue and red LED chios 11 and 12. For that 
reason, when an object is illuminated with the light produced by this lamp 100, the color unevenness can be reduced 
even rr.ee effectively Mere specifically, where the emissions of the blue and red LED chips 11 and 12 are simply 
combined to produce wrvte light, tne resultant iight is not completely wnite out is uneven in colors to a certain degree. 

20 In this LED lamp 100, however, the emissions of these LED chips 1 1 and 12 are scattered, diffused and then combined 
while passing through the phosphor 13. As a result, white light with reduced color unevenness can be produced. 
Optionally, to further scatter and diffuse the emissions and thereby further reduce the color unevenness, the inner 
surface of the transparent plastic encapsulant 16 may have its surface roughened. 

[0046] FIG. 4 illustrates an actual spectral distribution of the LED lamp 100. As shown in FIG. 4. tne spectral distri- 
25 bution includes not only the emission spectra 21 and 22 of the blue LED chip 11 and yellow emitting phosphor 13 but 
also the emission spectrum 23 of the red LED chip 12. In the illustrated embodiment, the blue spectrum 21 has a peak 
wavelength of 460 m and a peak luminous intensity of about 40. The yellow spectrum 22 has a peak wavelength of 
570 nm and a peak luminous intensity of about 20. And the red spectrum 23 has a peak wavelength cf 610 nm and a 
peak luminous intensity of about 100 Accordingly, the LED lamp 100 can supplement the red emission spectrum. 
•to which the white light produced by the known method (i.e., photoexciting a yellow emitting phosphor wrth the emission 
of a blue LED ch:p) has been short of. 

[0047] Also, the red emission spectrum is supplemented by making the red LED chip 12 produce its own emission 
For that reason, compared to supplementing a similar red emission spectrum with that of a red emitting phosphor, the 
LED lamp 100 can show higher luminous efficacy. The red LED chip 12 may have any peak wavelength greater than 

•*5 580 nm as described above. However if the red LED chip 12 has a peak wavelength of 600 nm or mere the resultant 
color reproducibility, which makes the color red reproduced look more brilliant to the human eye. is excellent. This is 
because the color red reproduced can have an increased excitation purity with respect to the L cones of the visual 
cehs in the human eye (i.e.. the visual celis reacting to a stimulus corresponaing to the cc.cr red) in mat case Acco r o 
ingly the peak wave : ongth of the red LED chip 12 is preferably set to 600 nm or more 

~° [0048] In the cjTcr-t state of T ne art none oi the pr.ospnors available fer LEDs n e fed emiltinq phosphors) c«n 
produce a luminescence highly efficiently at a peak wavelength of 600 nm or more Accordingly, it is very much ad- 
vantageous t3 compensate *o" lack cf t"3 rcc special compone r *s w<t h f nose prodded by a re^*vely irexpe^s ve 
GaAsP- or GaAiAs-based red LED chtp 12 it is naturaiiy possible to use an AllnGaP-based LED chip exhibiting higher 
lumincjs efficacy => :thf ?vgh thfi ~hip <^f fhat rypp k rpiRtive^y high-nriced Furthermore compared To the emission spec- 

55 trum of a phosphcr. the emission spectrum of the red LED chip 12 has a narrower spectral width. Thus, only the red 
spectral components which the white light produced by the known LED lamp has been short of, can bo supplemented 
by a simple methed 

[0049] In addition, the LED lamp 100 of this embodiment can compensate for lack of the red emission spectrum with 
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the emission of the red LED chip 12. Accordingly the power (i.e., the intensity) of the red emission spectrum is easily 
controllable electrically. As a result, a light source with variable color temperatures is realized using a simple structure. 
This is because the luminous intensity of the ycliow emitting phosphor 13 is essentially correlated with that of the blue 
LED chip 11 as its photoexcitation source. Thus by appropriately controlling the luminous intensities of the blue and 

5 red LED chips 11 and 12, the LED lamp 100 can produce light in any arbitrary color. 

[0050] FIGS. 5A through 5D illustrate vanous other spectral distributions of the LED lamp 100 where the color of the 
light produced is variable. As can be seen from FIGS. 5A through 5D, the red emission spectrum 23 increases its peak 
luminous intensity in the order of FIGS 5A, 5B, 5C and 5D. That is to say, in the spectral distribution shown in FIG. 
5D, tho poak intensity of the red emission spectrum 23 is higher than that of any other spectrum shown in FIG. 5A, 5B 

10 or 5C. Also : the higher the peak intensity of the red emission spectrum 23, the lower the correlated color temperature 
of the LED lamp 100. In otherwords, by controlling the peak intensity of the red emission spectrum 23, the light produced 
by the LED lamp 100 can have its color changed arbitrarily. As a result, light in any of various colors having respective 
correlated color temperatures, e.g. ; tropical daylight, neutral white, white, warm white or that of an incandescent lamp. 
[0051] An LED lamp producing light in variable colors is realized by implementing the LED lamp 100 of this embod- 

is iment as a circuit such as that shown in FIG. 6. The circuit 200 shown in FIG. 6 includes the blue and red LED chips 
11 and 12 and means 11a and 12a for controlling the luminous intensities of the blue and red LED chips 11 and 12, 
respectively. In the circuit 200 illustrated in FIG. 6. variable resistors are used as the control means 11a and 12a. The 
circuit 200 can adjust the luminous intensity ratio of the blue and red LED chips 11 and 12 and can produce light in 
any desired color. In addition, the circuit 200 can also control the brightness of the lamp easily 

20 [0052] Furthermore, by adjusting the luminous intensity ratio of the blue and red LED chips 11 and 12, the light 
produced can also have its correlated color temperature changed. Accordingly, the LED lamp still can produce light in 
various colors even if the control means 11a coupled to the blue LED chip 11 is a fixed resistor and only the control 
moans 12a coupled to the red LED chip 12 is a variable resistor. Alternatively, only the luminous intensity of the blue 
LED chip 11 may be changed with that of the red LED chip 12 fixed. In the illustrated embodiment, variable resistors 

25 are used as the luminous intensity control means 11a and 12a. But the control means 11a and 12a do not have to be 
the variable resistors. Examples of other applicable intensity control means include, means forswitching fixed resistors; 
means including ladder resistors: frequency control means: means for lighting the lamp at variable frequency division 
ratios: means for changing the number cf LED chips coupled as loads* and means forswitching hardwiring methods 
[0053] FIG. 7 illustrates the chromaticity of the LED lamp 100. hereinafter, it w. i be described with reference to FIG. 
7 exactly in what range the LED lamp 100 of this embodiment can produce light in variable colors where a yellow 
emitting phosphor is used as the phosphor 13. The yellow emitting phosphor 13 is either a YAG phosphor or a phosphor 
doped with Mn as a luminescence center. If the yellow emitting phosphor 13 is a YAG phosphor, the YAG phosphor 
given by 

35 YAG ^ (Y 1 . a Gd a ) 3 (AI 1 ^Ga b ) 5 O l2 Ce 

should preferably contain Gd at a smallest possible mole fraction a and Ga at a largest possible mole fraction b to 
make the luminescence exhibited by the phosphor 13 greener and thereby increase the luminous efficacy 

40 [0054] In FIG. 7 the range 41 represents the chromaticity of the emission produced by the blue LED chip 11, which 
has a peak wavelength cf between about 440 nm and about 480 nm. The curve 42 represents the chromaticity of the 
luminescence produced by the yellow (YAG) phosphor 13. As described above, the smaller the mole fraction a and 
the larger the mole fraction b in the composition of the YAG phosphor 13, the greater the coordinate y and the smaller 
the coordinate x on the chromaticity diagram shown in FIG. 7. The photoexcited luminescence exhibited by the YAG 

•*5 phosphor 13 has a peak wavelength of between about 440 nm to about 480 nm Accordingly the YAG phosphor 13 
can be photoexcited very efficiently by the emission of the blue LED chip 1 1 that also falls within the same wavelength 
rangp (i e the range 41) 

[0055] The combination of the blue LED chip 11 andyeilow (YAG) pnosphor 13 theoret.cally realises any chromatic.?/ 
w ; tnm the range 45 defined by the range 41 and the curve 42. Even in th;s range 45, however, the closer to the curve 

^ 42 the chr email C'ty c* u"* p'oducec t^e ewer ;ne output cf uijd LED chip 11 itself db the source c f photoex 
citation,, Accordingly, to get white iight produced by the LED lamp efficiently enough, it is actually preferable to define 
the var.abie co.cr temperature range as a CTomaticity ra r ge 'ocated between r-e range 41 and the curve 42 within 
the range 45. The emission of the red LED chip 12, which wiil be combined witn the white hgnt having a chromaticity 
f a!! ,r, ,g with In such a r 3 n qe has a chrornpt-Hty rsng^ 44 norresnondmq to wave'eratns around 6C0 nm to increase the 

55 color rendering performance of the lamp Forthat reason, the white light produced by mixing the emission of the blue 
LED chip 11 with the luminescence of the yellow emitting phosohor 13 preferably has a chromaticity falling within the 
range 43. As shown in FIG. 7, the range 43 is located over a blackbody radiation locus (i.e., Planckian iocus) 30 and 
has a high correlated color temperature so that the chromaticity of the color-mixed light is not so different from the 
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blackbody radiation locus 30 in a wide correlated color temperature range. 

[0056] As a result the LED lamp can have variable correlated color temperatures within a range defined by the 
chromaticity ranges 43 and 44 of the white tight and the emission of the red LED chip 12 (i e., the range lying between 
the lines 31 and 32 shown in FIG 7). In other words the LED lamp can produce light in any of various colors which 

5 has a chromaticity in conformity with the range defined by JIS (Japanese Industrial Standard) or CIE (Commission 
Internationale d'Eclairage) for fluorescent lamps. Examples of the colors of the light produced include daylight, neutral 
white, white, warm white or incandescent lamp type color as defined by the JIS standard According to the CIE standard 
on the other hand, those colors include daylight, cool white, white and warm white In addition, the LED lamp can also 
produce light in any other desired color with a chromaticity falling within an intermediate range between those chro- 

10 maticity ranges. In FIG. 7, the line 33 represents how broadly the LED lamp 100 of this embodiment can change its 
chromaticity. As can be seen, the lamp 100 can change its correlated color temperature greatly while maintaining a 
chromaticity even closer to those represented by the blackbody radiat on locus 30. 

[0057] In the example illustrated in FIG. 7, if the peak wavelength of the red LED chip 12 is set to 630 nm or less, 
then the locus representing the variation in color of the emission produced therefrom can be substantially matched 
15 with the blackbody radiation locus 30. Accordingly, the color of the light produced can have a variable chromaticity. 
close to those represented by the blackbody radiation locus 30, in a relatively wide correlated color temperature range. 
As a result, the general color rendering index of the lamp can be increased. 

[0058] Sometimes the lamp may not have variable correlated color temperatures in a wide range but rather should 
be used as a low color temperature light source. Then, the range, defined by the chromaticity range 43 of the white 
20 light produced by the blue LED chip 11 and the yellow emitting phosphor 13 and the chromaticity range 44 of the red 
LED chip 12, does not have to he between the lines 31 and 32. In that case, any appropriate part of the range 45 may 
be selected instead. 

[0059] In the foregoing embodiment, a yellow emitting phosphor is used as the phosphor 13. Alternatively, a green 
emitting phosphor, which exhibits a green luminescence when photoexcited by the emission of the blue LED chip 11 , 

25 may also be used. The green emitting phosphor exhibits the luminescence at a peak wavelength of between 480 and 
560 nm, for example. The green emitting phosphor may be either a YAG phosphor or a phosphor doped with at least 
one element selected from the group consisting of Tb Ce, Eu and Mn as a luminescence center. To increase the color 
rendering performance of the lampfor general illumination purposes, multiple types of phosphors exhibiting respective 
luminescences at mutuary d.ffcrcnt peak wavelengths, nay also be prepared. None of the ^EDs currently available 

30 can produce an emission highly efficiently at a wavelength of around 555 nm corresponding to the highest possible 
luminous efficiency. Accordingly, it is very much significant to supplement an emission spectrum having a peak wave- 
length approximately equal to this value with the luminescence of an alternative phosphor. Also, in the foregoing em- 
bodiment, an inorganic phosphor is used. Instead, an organic phosphor with a comparable peak wavelength may be 
used as well. This is because as organic electroluminescence (EL) has been developed, industrially applicable organic 

35 phosphors have been further researched and developed recently So under the circumstances such as these, not only 
inorganic phosphors but also organic phosphors are now almost readily available. 

[0060] Like the yellow emitting phosphor, the luminous intensity of the green emitting phosphor is also essentially 
correlated with that of the blue LED chip 11 as its source of photoexcitation. Thus, just by adjusting the luminous 
intensities of the blue and red LED chips 11 and 12 appropriately, white light in any arbitrary color can be produced. 
-to Accordingly, even when the green emitting phosphor is used, an LED illumination lamp for producing white light in 
various colors is realized using the same simple structure 

[0061] No high-efficiency green LEDs with an emission spectrum around the wavelength of 555 nm. corresponding 
to the highest specific luminous efficiency of the human eye, are currently available at an industrially applicable level. 
This is why it is very advantageous if an emission in this wavelength range is realizable highly efficiently by the lumi- 

45 nescence of a phosphor. 

[0062] Furthermore, where a green emitting phosphor is used, the respective emission spectra of the blue and red 
LED chips 1 1 and 12 and the green emitting phosphor 13 can be concentrated to relatively narrow RGB ranges Then, 
a light source w,tr, good co.cr reproduce;. ity (, e , that can reproduce the cq crs of ar ooject brilliantly enough; anc 
with a large gamut ratio, comparable to a light source that produces emissions in three wavelength ranges is rea'ized 

-~ ~hdl is to say even ■ tf: a LEG lamp rcluding the g'cen emitting phesphe' is used as a backlight, the image d : sp!aycd 
can have sufficiently high luminance and wide enougn gamut area. The peaK waveiength of the red LED chip 12 ts 
also oreferab'y 600 nm or more ever in this alternative LED lamp This is because the color red can have its excitation 
purity to the human eye increased as in the yellow emitting phosphor and even better color reproducibility is attainable. 
[0063] Whe r e a q'een emittinq ohosnhor is used the peak wavelengths of the blue and red LED chips 11 and 12 

55 and the green emitting phosphor are preferably between 440 and 470 nm. between 600 and 650 nm and between 520 
and 560 nm, respectively, to increase the color rendering performance of the lamp for general illumination purposes. 
On the other hand, to increase the color reproducibility when the lamp is used as a backlight, the peak wavelengths 
of the blue and red LED chips 11 and 12 and the green emitting phosphor are preferably 440 nm or less. 610 nm or 
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more (more preferably 630 nm or more) and between 510 and 550 nm. respectively 
EMBODIMENT 2 

-*» [0064] A second embodiment of the present invention rebates to various preferred combinations of blue and red LED 
chips 11 and 12 and phosphor 13. As described above the LED lamp 100 of the first embodiment can supplement the 
red emission spectrum., which the white light produced by the known LED lamp has been short of. with the emission 
spectrum of the red LED chip 1 2. For that reason the LED lamp 1 00 excels in color reproducibility. However, to appraise 
the color reproducibility of this LED lamp 100 more properly, a qualified method of appraisal is needed Hereinafter. 

to this problem will be described. 

[0065] It is readily understandable that the LED lamp 100 of the first embodiment will have its special color rendering 
index R9, indicating how the color red reproduced look to the human eye, and general color rendering index Ra both 
increased as compared to the known LED white light source. This is because the LED lamp 100 can compensate for 
lack of the red emission spectrum. However, it is not proper enough to appraise the color reproducibility of the LED 

is lamp just by these indices. That is to say. compared to various conventional light sources for general illumination 
purposes, including fluorescent lamps, electric lamps and high intensity discharge (HID) lamps, the LED lamp has 
outstandingly high ability of rendering an illuminated object in very brilliant colors. But this excellent color rendering 
oerfcrmance of the LED lamp cannot be appraised properly enough by the known general or special color rendering 
index only. In other words, those very brilliant colors are unique to LEDs used as a general illumination source, because 

20 an LED has a spectral distribution with a narrow half-width and high color purity and without any sub-emission wave- 
length. 

[0066] As shown in FIG 4 ; the LED lamp 100 of the first embodiment has a spectral distribution, in which the emission 
spectra of the blue and red LED chips 11 and 12, corresponding to short and long wavelength ranges of the visible 
spectrum, each have a narrow spectral half-width. For that reason : compared to a fluorescent lamp, for example, the 

25 LED lamp 100 can render colors very much more brilliant. The present inventors succeeded in finding spectral distri- 
butions preferred for the LED lamp 100 as a result cf intensive research and development. Hereinafter, a method of 
optimizing the color reproducibility of the LED lamp 100 we adopted will be described first, and then preferred spectra! 
distributions in which the LED lamp 100 can show exeel'er.t color reproducibility, will be exemplified 
[0067] First, it wiii be descneed what is the probiem with tne known color appraisal method using color rendering 

30 indices In the known color rendering indexing, each color reproduced on a color chip for color rendering appraisal 
purposes by a standard source (e.g.. reconstituted daylight (CIE daylight source) cr blackbcdy source) with a correlated 
color temperature equivalent to that of a light source under test is supposed to be 100. Under this supposition, it is 
appraised and represented as an index how much an associated color reproduced on a color chip by the light source 
under test is different from the color reproduced on the color chip by the standard source. Accordingly, when the color 

35 rendered by the light source under test matches the color rendered by the standard source, the light source under test 
has the highest score In accordance with this color appraisal method, if the colors rendered by the iight source under 
test look paler and less impressing than those rendered by the standard source, then the score of the light source 
under test will naturally be low. However, even if the colors rendered by the light source under test look much more 
brilliant and impressing than those rendered by the standard source, the score of the light source under test will also 

■*o be low That is to say, an unexpected result may be brought about by the known color appraisal method even if the 
colors rendered by the light source under test look much more brilliant or glaring than those rendered by the standard 
source. 

[0068] Generally speaking, we are always surrounded in our daily life with industrial products in artificially created, 
glowing colors (e.g., brilliant blue or glaring yellow), not just natural objects with an intermediate saturation like woods 
4 5 and stones. Accordingly, where the colors reproduced on the color chip by the light source under test Iook mucn more 
brilliant than those reproduced by the standard source, it is not always proper to give a low score to the light source 
under test Thus to make use of the LED light source even more fully we optimized the spectral distribution of the 
LED lamp Hereinafter, the metnod of optimization we adopted will be cescribec 

[0069] Various international standards already exist for the methods of appraising the color rendering performance 
50 of a light source as disdcscc m JiS Z8726 ;n jriaan. for exa.mu ~\ Aithc^o/i not included in ary cf thes? ••nternaticrv.' 
standards performance appraisal using a gamut ratio is one of generally admitted and authorized methods of apprais- 
ing the color "ender'pg pe^cm^ance without -? r g the cc c r rendering traces According to this method, the color 
rendering performance of a test source is appraised by the ratio of the gamut area of the test source to that of a standard 
sonrrp A; i.spri h^rpj n the "namur area" :s obtained by o'otting and connecting toqetherthe chromatieiry coordinates 
55 of the color rendering indices R1 through R8 of eight test co ! ors for use to calculate a general color rendering index 
Ra. I n this method, the gamut areas of test and standard sources arc each obtained by connecting the c'ght chroma r ic;Ty 
coordinates thereof together. Then, the ratio of the gamut area of the test source to that of the standard source is 
derived as a gamut ratio Ga. 
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[0070] According to this color appraisal method, if Ga is less than 100 : then the colors rendered by the test source 
should look pale because the colors have decreased degrees of saturation. On the other hand if Ga is greater than 
100, then the colors rendered by the test sou r cc should look brilliant because the colors have increased degrees of 
saturation As described above, where the color rendering performance of a given light source is appraised by the 

5 difference in color reproduced between the given and standard sources, a low Ra gives an unreasonably low score to 
the given light source even if colors reproduced by the given light source look brilliant to the human eye. in contrast, 
according to this area ratio method : a high score can be given property to the test source that can reproduce colors of 
an object brilliantly enough even if the Ra thereof is low. So this method seems to be effectively applicable to properly 
appraising the brilliant colors reproduced by an LED lamp However, if this performance appraisal method is used by 

10 itself, a higher Ga ratio may give a higher score to a light source under test. Nevertheless, when the performance of 
another light source, reproducing similar but excessively brilliant colors, is appraised by the conventional color rendering 
indexing, the resultant Ra ratio will be low. Then, that big difference in colors reproduced between the test and standard 
sources will make an impression of unnatural illumination on the viewer, That is to say, if the Ga ratio alone were used, 
then the score given as the Ga ratio to the test source might be much different from the score given as the Ra index 

'5 to the light source 

[0071] Thus, wc newly used another gamut ratio obtained by connecting together the chromaticity coordinates of 
four special color rendering indices R9 through R12 fur brilliant red, yellow, green and blue, respectively, as an alter- 
native index representing the color rendering performance. That is to say. just like the known Ga ratio obtained by 
connecting together the eight chromaticity coordinates for the color rendering indices R1 through R8 as disclosed in 
20 J|S ZB726. another gamut ratio is similarly calculated by using R9 through R12 instead of R1 through RB. This alter- 
native gamut ratio will be herein identified by "Ga4". 

[0072] The color rendering indices R1 through R8 are essentially selected to know the degree of subtle difference 
between naturally reproduced colors and are associated with eight test colors with intermediate degrees of saturation. 
In contrast, the special color rendering indices R9 through R12 are essentially selected to know the degree of difference 

2$ between brilliantly reproduced colors. Accordingly, by using this new Ga4 ratio, it is possible to appraise the color 
rendering performance of a given light source properly by seeing if an object to be seen in brilliant coiors does lock 
glowing That is to say if an object illuminated should be seen in subtly different and naturaiiy reproduced coiors at 
intermediate degrees of saturation, then the light source should illuminate the ooject exactly In its natural colors so 
that tne Ga ra: o and Ra index can approaen 100. Or ;nc other hand, if another object should icok onLantiy to the 

30 human eye, then the light source should illuminate the object in such a manner that the Ga4 ratio increases. Then, the 
colors reproduced can be optimized. And by optimizing the colors reproduced this way, any object can be illuminated 
either in naturally reproduced colors or in sharply contrasted colors at high degrees of saturation. 
[0073] So the present inventors carried out the optimization processing on the LED lamp 1 00 of the first emoodtment. 
As a result, we made the following findings: 

35 

1 . Where the red LED chip 12 has a peak wavelength of 600 nm or more, the general color rendering index Ra of 
the lamp 100 can be increased. On the other hard where the red LED chip 12 has a peak wavelength of between 
610 and 630 nm. Ra and Ga4 can be both increased and yet Ga4 can be higher than Ga. That is to say. in this 
waveiength range, coiors with intermediate degrees of saturation, which should be reproduced subtly and precisely, 

■to can be reproduced naturally while colors with high degrees of saturation can be reproduced brilliantly. 

Where the blue LED chip 11 has a peak wavelength of 470 nm or less. Ra can be increased. On the other hand, 
where the blue LED chip 1 1 has a peak wavelength of between 450 and 470 nm, Ra and Ga4 can be both increased 
and yet Ga4 can be higher than Ga. The phosphor 13 to be combined with these LED chips preferably has a peak 
waveiength of between 520 and 560 nm, more preferably between 545 and 560 nm. In the latter range, Ra can 

45 be increased more often 

2. If the LED lamp 1 00 has a correlated color temperature of 5000 K or more and if the color rendering performance 
thereof is appraised using a reconstituted daylight source as a standard source, then the peak wavelengths of the 
blue and rea LED cn,ps 11 and 12 and pnospnor 13 are preferaoy between 45 j and 450 nm, 60C nm cr mo'e arc 
between 520 and 560 nm, respectively. 

-■ c 3. I' : r o LED lamp 100 hrse a coTeIatcd color tempcf aturu of : ess than 5CCC K drd if the co'o' 'cndcr'rg performance 

thereof is appraised using a blackbcdy source as a standard source, tnen the pea* wavelengtns of the red LED 
chip 12 and p^oso^or 13 are preferably between 6"5 ard C50 nm and between 545 and 560 nm, respectively 
4. If the LED lamp 100 has variable correlated coicr temperatures, then the peaK wavelengths cf tne biue and red 
LED chips 11 and 12 and phosphor 13 are preferably between 455 and 465 nm. between 620 and 630 nm and 

55 between 540 and 550 nm. respectively. 

[0074] Hereinafter, exemplary LED lamps 100 with optimized color reproducibility will be described with reference 
to FIG. 8A through 10C and Tables 1 through 3. 



10 



4 



t 

EP 1 160 883 A2 

[0075] FIG. 8A illustrates a spectral distribution of the LED lamp 100 with an optimized color reproducibility where 
the lamp 100 has a correlated color temperature as low as 3000 K, which is close to the lower limit cf correlated color 
temperatures for an everyday illumination light source. At this correlated color temperature of 3000 K, a b'ackbody 
source is used as a standard source for calculating Ra. In this example, the peak wavelengths of the blue and red LED 
5 chips 11 and 12 and phosphor 13 are 460. 625 and 545 nm, respectively. 

[0076] FIGS. 8B and 8C respectively illustrate the gamut ratios Ga and Ga4 of the LED lamp 100 having the spectrai 
distribution shown in FIG. 8A. The following Table 1 shows not only these parameters but also the chromaticity coor- 
dinates (x, y), Duv ; color rendering indices Ra and R1 through R15 and gamut ratios of the LED lamp 100 shown in 
FIGS. 8A, 8B and 8C: 



[Table 1] 



Peak wavelength of blue LED 


460 nm 


Peak wavelength of red LED 


625 nm 


Peak wavelength of phosphor 


545 nm 


Correlated color temperature Tc 


3000 K 


Duv 


0,02 


Chromaticity coordinates (x. y) 


(0.43695. 0.40410) 


Color rendering index 


R1 


88.2 


R9 


93.1 


R2 


95.5 


R10 


97.2 


R3 


93.1 


R11 


85.9 


R4 


89.6 


R12 


81 0 


R5 
R6 


91.4 


R13 


89.7 


88.9 


R14 


92.9 


R7 


96.6 


R15 


91 9 


R8 


95.4 


Ra 


92.4 


Gamut ratio 


Ga 


103.3 


Ga4 


109.3 



[0077] FIG. 9A illustrates a spectral distribution of the LED lamp 100 with optimized color reproducibility where the 
40 lamp 100 has an intermediate correlated color temperature of 5000 K. The correlated co'or temperature of 5000 K is 
a point at wnich the standard sources for use to calculate Ra are switched from a biackbody source into a reconstituted 
daylight source. In this example, the peak wavelengths of the blue and red LED chips 11 and 12 and phosphor 13 are 
460. 640 and 545 nm, respectively. FIGS. 9B and 9C respectively illustrate the gamut ratios Ga and Ga4 of tne LED 
lamp 100 having the spectral distribution shown in FIG. 9A. Like Table 1, the following Table 2 shows not only these 
45 parameters but aiso the chromaticity coordinates (x. y). Duv, color rendering indices Ra ana R1 through R1 5 and gamut 
ratios of the LED lamp 100 shown in FiGS. 9A, 9B and 9C: 



{ ab^c 2) 



Peak wavelength of blue LED 


460 nm 


Peak w-n/e e r igth of red Jvu 


nm 


P eak wavelength of chosohor 


545 in 


Correlated color temperature Tc 


5000 K 


Duv 


-0.01 


Ch r omat!city coordinates (x y) 


(0 34511 0 35161) 
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[Table 2] (continued) 



10 



Color rendering index 


R1 


97.3 


R9 


66.6 


R2 


99.1 


R10 


94.9 


R3 


92.1 


R11 


94.4 


R4 


94.4 


R12 


65.0 


R5 


94.2 


R13 


98.2 


R6 


93.6 


R14 


94.5 


R7 


95. B 


R15 


90.2 


R8 


87.7 


Ra 


94.3 


Gamut ratio 


Ga 


101.6 


Ga4 


112,9 



[0078] FIG. 10A illustrates a spectral distribution of the LED lamp 100 with optimized color reproducibility where the 
lamp 100 has a correlated color temperature as high as 6700 K. which is close to the upper limit of correlated color 
temperatures for an everyday illumination light source. At the correlated color temperature of 6700 K, a reconstituted 
daylight source is used as a standard source for calculating Ra. In this example, the peak wavelengths of the blue and 
red LED chips 11 and 12 and phosphor 13 are 460, 640 and 545 nm ; respectively. FIGS. 10B and 10C respectively 
illustrate the gamut ratios Ga and Ga4 of the LED lamp 100 having the spectral distribution shown in FIG. 10A The 
following Table 3 shows not only these parameters but also the chromaticity coordinates (x. y), Duv. color rendering 
indices Ra and R1 through R15 and gamut ratios of the LED lamp 100 shown \r. FIGS. 10A : 10B and 10C: 

[Table 3] 



Peak wavelength of blue LED 


460 nm 


Peak wavelength of red LED 


640 nm 


Peak wavelength of phosphor 


545 nm 


Correlated color temperature Tc 


6700 K 


Duv 


0.02 


Chromaticity coordinates (x r y) 


(0.31055. 0 32076) 


Color Rendering index 


R1 


95.0 


R9 


92.3 


R2 


98.8 


R10 


93.9 


R3 


94.9 


R11 


85.5 


R4 


85.0 


R12 


57.1 


R5 


88.8 


R13 


98 9 


R6 


30.8 


R14 


36 9 


R7 


91.6 


R15 I 904 


RS 


92.5 


Ra j 92.2 


(ja.mut ratio 


Ga 


96.6 


Ga4 


107.5 



[0079] FIGS. 11 A through 13C illustrate typical combinations of blue and red LED chips 11 and 12 and phosphor 13 
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we made to optimize the color reproducibility of the LED lamp 100. In FIGS 11 A through 13C, the ordinate represents 
the Ra index of the LED lamp 100 while the abscissa represents the peak wavelength (nm) of the red LED chip 12. 
The Ra index of the LED lamp 100 was obtained as a result of actual measurement orsimulaticn In FIGS. 11 A through 
1 3C, the respective coordinates indicated by solid circles, triangles and squares, were obtained under the conn tions 

5 specified in FIGS. 8A through 8C and Table 1 

[0080] FIGS. 11 A, 11 B and 11 C illustrate examples corresponding to correlated color temperatures of 3000, 5000 
and 6700 K, respectively. In these examples, the peak wavelength of the blue LED chip 1 1 was fixed at 450 nm. while 
that of the phosphor 13 was changed from 520 nm (belonging to the green wavelength range) to 560 nm (belonging 
to the yellow wavelength range) The solid circles, triangles and squares correspond to the phosphor's peak wave- 

io lengths of 560, 545 and 520 nm, respectively. The peak wavelength of the red LED chip 12 was changed from 595 nm 
to 670 nm. 

[0081] FIGS. 12A, 12B and 12C illustrate examples corresponding to correlated color temperatures of 3000, 5000 
and 6700 K, respectively. In these examples, the peak wavelength of the blue LED chip 1 1 was fixed at 460 nm. FIGS. 
13A, 13B and 13C illustrate examples corresponding to correlated color temperatures of 3000, 5000 and 6700 K, 
15 respectively In these examples, the peak wavelength of the blue LED chip 1 1 was fixed at 470 nm 

[0082] Based on the results shown in FIGS. 8A through 13C and Tables 1 through 3, cur findings will be fu-thcr 
detailed. 

[0083] The JI3 standard defines that a high-color-rendenng fluorescent lamp emitting in three wavelength ranges 
should have an Ra index of 80 or more. In designing the LED lamp 100 with a high Ra index of B0 or more, it can be 
20 seen from those results that the Ra index could be increased where the red LED ch,p 12 had a peak wavelength of 
600 nm or more. Then, the LED lamp 100 can have an Ra index as high as 60 or even more More particularly, a 
preferred peak wavelength range of the red LED chip 12, in which the Ra index was either sufficiently high or tended 
to be saturated, was from 610 nm to 630 nm. In such a range, colors with intermediate degrees of saturation, which 
should be reproduced subtly and precisely, can be reproduced naturally. In addition, the LED lamp 100 has a nigh- 
ts purity spectra] distribution in which the blue and red wavelength ranges corresponding to the short and long wavelength 
parts of the visible spectrum, each have a narrow spectral ra'f -width Accordingly the lamp 100 can reproduce colors 
with high degrees of saturation brilliantly enough. That is to say. a desired visual environment, which has a sufficiently 
high Ra index and yet is illuminated in sharply contrasted colors, is reaped 

[0084] We also found that tne Ra index could be increased where the blue i_ED chip 1 1 haa a ocaK waveiongtn of 
20 470 nm or less. This is because where the blue LED chip 11 had a peak wavelength of greater than 470 nm, we found 
it difficult to realize an LED lamp 100 with a high correlated color temperature or with an Ra index exceeding 80. Also, 
even though we tried to realize an LED lamp 100 with a relatively low correlated color temperature, if the blue LED 
chip 11 had a peak wavelength of more than 470 nm, we found the preferred peak wavelength range of the red LED 
chip 12, in which the Ra index could be high, very narrow. On the other hand, the peak wavelength of the blue LED 
35 chip 11 is preferably at least 450 nm. This is because if the peak wavelength of the blue LED chip 11 is less than 450 
nm, then the Ra index rarely exceeds 90. In addition, to realize an LED lamp 100 with a relatively hign correlated color 
temperature, the preferred peak wavelength range of the phosphor 13 is very much limited. 

[0085] Considering the luminous efficacy of tne lamp 100, tne peak wavelengths of the red and blue LED chips 11 
and 12 should be as follows, The peak wavelength of the red LED chip 12 is preferaoly between 610 and 630 nm. 
JQ because the luminous efficacy (Im/W) of the LED lamp 100 would decrease otherwise On the other hand, the peak 
wavelength of the blue LED chip 11 is preferably 450 nm or more, because the luminous efficacy (Im/W) of the LED 
lamp 100 would also decrease otherwise. 

[0086] We also found that the phosphor 1 3 to be combined with one of the LED chips (or the blue LED chip 11 , in 
particular) should preferably have a peak wavelength of between 520 and 560 nm. Considering that the phosphor 13 

■*5 may be combined with any other LED chip, the peak wavelength of the phosphor 13 is more preferably and more 
generally between 545 and 560 nm. because a sufficiently high Ra index can be obtained in this range. 
[0087] We furtherfound the followinq To increase the Ra index of an LED lamp 100 with broadly variable correlated 
color tempe r atures while using the same LED cn.ps and the same phosphor, keeping tne peaK wavelengths t.nerec' 
constant but changing only the intensity ratio thereof, the peak wavelengths of the Dlue and rca LED snips 1 1 and 12 

-° and phosphor 13 snouid preferaoly bo Detween -55 and 465 rm co'wce" 520 and 630 rin c:ru L-j.Al-j': 540 and 550 
nm, respectively. 

[0088] ^o realize an LED amp snow rg ^ gh Ra r d ces c* 90 o r mo r e a* va r ious ~o r reU f ed co'c temperatures not 
just broaafy variable colors reproduced, the following wavelength ranges should be defined it should be noted that an 
Ra 'nd^x a- high a? qpi nr mnrp belongs to color rendering performance group 1A (Ra^9C) accordinq to the CIE 
5 $ classification and is high enough to be applicable to various environments requiring highfy precise color rendering 
performance (e.g. in museums). If a lamp with a relatively high correlated color tompcrat'j r c of 5000 K or more should 
have its color rendering performance appraised using a reconstituted daylight source as a standard source, then the 
peak wavelengths of the red and blue LED chips 12 and 11 and phosphor 13 are preferably 600 nm or more, between 
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450 and 460 nm and between 520 and 545 nm. respectively. On the other hand, if a lamp with a relatively low correlated 
color temperature should have its color rendering performance appraised using a blackbody source as a standard 
source, then the peak wavelengths of the red LED chip 12 and phosphor 13 arc preferably between 615 and 550 nm 
and between 545 through 550 nm. respectively. 

5 [0089] Most pre f erred combinations of peak wavelength ranges, in which Ra and Ga are both sufficiently high and 
yet Ga4 is also high, are as shown in FIGS. 8A through 10C. It should be readily understandable to those skilled in 
the art that an LED lamp 100 with high Ra index and high Ga and Ga4 ratics is also realizable even if the illustrated 
peak wavelength ranges are slightly shifted on the order of several nanometers (e.g.. about ±5 to 1 0 nm). 
[0090] Where the lamp 100 has a relatively low correlated color temperature {e.g.. 3000 K). the peak wavelengths 

10 of the blue and red LED chips 11 and 12 and phosphor 13 should preferably be 460, 625 and 545 nm. respectively. 
Then, the LED lamp 100 can have Ra, Ga and Ga4 of 92.4, 103.3 and 109.3. respectively. 

[0091] Where the lamp 100 has an intermediate correlated color temperature (e.g., 5000 K), the peak wavelengths 
of the blue and red LED chips 11 and 12 and phosphor 13 should preferably be 460, 640 and 545 nm : respectively. 
Then, the LED lamp 100 can have Ra. Ga and Ga4 of 94.3, 101 .6 and 112.9. respectively 
15 [0092] Where the lamp 100 has a relatively high correlated color temperature (e g . 6700 K), the peak wavelengths 
of the blue and red LED chips 11 and 12 and phosphor 13 should preferably be 460, 640 and 545 nm ; respectively, 
Then, the LED lamp 100 can have Ra, Ga and Ga4 of 92.2, 96.6 and 107.5. respectively 

[0093] The LED lamp of this embodiment has its ecler reproducibility opt mized by way of the Ga and Ga4 ratios 
after the respective peak wavelength ranges have been defined to attain a high Ra index. Accordingly, the distribution 

20 of respective test colors reproduced by this light source is less deformed anc yet those colors took much more brilliant. 
That is to say, the R9 through R12 indices, used as special color rendering indices for brilliant red, yellow, green and 
blue, correspond to typical brilliant test colors artificially created. Therefore if the Ga4 ratio, calculated from these 
indices for brilliant test colors, is maximized for an LED lamp with high Ra (and Ga), then the light source can reproduce 
natural colors even more naturally and yet only a few selected brilliant colors even more brilliantly. An object in any of 

25 these brilliant colors normally has a spectral reflectance that changes steep y at a particular wavelength. Accordingly 
a light-emitting diode with a narrow half-width in its spectral distribution is effectively applicable to such an object. As 
a result, a high-performance general illumination light source, which can illuminate natural objects in even more natural 
colors and br'liant-co'cred artificial objects in much more snarply contrasted bn'iiiart ccicrs is realized 
[0094] it shouid be noted that if a iamp is expected to just illuminate an object Dnihantiy men the Ra index docs not 

30 have to be increased more than necessarily. Then, such an LED lamp is realized in broader peak wavelength ranges. 

EMBODIMENT 3 

[0095] Hereinafter an LED lamp according to a third embodiment of the o resent inventron will be described with 
35 reference to FIGS. 14A through 18C. The LED lamp 100 of the first embodiment includes two LED bare chips, namely, 
one blue LED chip 11 and one red LED chip 12. In contrast, the LED lamp of the third embodiment includes just one 
LED bare chip that has the light-emitting sites of both the blue and red LEDs unlike the lamp 100 of the first embodiment. 
In the other respects, the lamp of the third embodiment is the same as the counterpart 100 cf the first embodiment and 
the description of those common features will be omitted or simplified he r em for the sake of simplicity. The second 
•to embodiment of the present invention, contributing to the color reproducibil ty optimization of the LED lamp 100, is 
naturally applicable to the LED lamp of the third embodiment. 

[0096] The lamp of the third embodiment uses only one LED bare chip tnat produces emissions in two different 
colors. Thus, compared to the lamp 100 of the first embodiment in which two bare chips are disposed side by side for 
producing emissions in two colors, the following advantages are attainable by the third embodiment. Specifically, since 

4 $ just one LED bare chip is used, the sites at which the red and blue emissions are produced are very close to each 
other in the same LED bare chip and can be regarded as substantially the same. As a result, the LED lamp can mix 
these two colors more effectively. In addition, the red- and blue-light-emitting sites are thermally coupled together more 
strongly and the tempera* u r es at tnese two sites are even closer to eacn other Accordingly, these sites ca~ be rega-dec 
as substantially identical tnermally and it is easier to perform feedback contrci ever the effects of heat on the optical. 

so output 

[0097] Hereinafter it will be described with reference to FIGS 14A through 14C how to make a single LED bare chip 
that produces "cd and b'-e emiss cs 

[0098] First, as snown in FIG 14A, a first iight-emittmg-diode layer (which will be herein abbreviated as an 'LED 
Uyor") 111 injuring a* le^* n- and n-tvpe semiconductor levers and an active laver. is 'omned on a substra'e 1 1 5 for 
55 LEDs. 

[0099] Next, as shown in FIG. 14B, the substrate 115 is ence removed ''cm the assembly shown in FIG. 14A to 
separate the first LED layer 111 . To remove the substrate 115, any appropriate technique may be selected depending 
on the types of the substrate 115 and LED layer 111. Forexample. the substrate 115 may be gradually removed by a 
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polishing process, lifted off mechanically, etched away or peeled off by placing a thermal stress thereon 
[0100] Then as shown in FIG 14C, the first LED layer 1 11 is bonded to the backside of another substrate 115', on 
the principal surface of which a second LED layer 112 has been formed. In this manner, an LED bare chip fo r producing 
emissions in two different colors can be obtained That is tn say each or one of the blue- and red-light-emitting layers 

5 is separated, and then the light-emitting layer(s) is/are bended to the substrate, thereby obtaining one LED bare chip. 
[0101] Next, exemplary methods of bonding LED layers to a substrate wilt be described with reference to FIGS 15A 
through 18C. The LED layers may be bonded :n varices ways, but only typical ones will be exemplified in the following 
description. It should be noted that the first and second LED layers are supposed to be blue and red LED layers 111 
and 112, respectively, for convenience sake. Each par of LED layers 111 and 112 is surrounded by a phosphor 113. 

10 [0102] FIG. 15A illustrates an exemplary double-sided electrode structure including a conductive substrate 115. In 
this structure, one electrode may be formed on the upper surface of the blue LED layer 111 and another electrode may 
be formed on the lower surface of the red LED layer 112 with the substrate 115 sandwiched between the two layers 
111 and 112. 

[0103] FIG. 15B illustrates an exemplary single-sidec electrode structure including a non-conductive substrate 1 15. 
15 In this structure two electrodes may be termed on the upper surface of the blue LED layer 111 and another two 
electrodes may be formed on the lower surface of the red LED layer 112 with the substrate 115 sandwiched between 
the two layers 111 and 112. 

[0104] FIG. 15C illustrates a combination of single- and double-sided electrode structures where the substrate 115 
is conductive. In this st"ucture. one electrode may be fo-med on the upper surface of the blue LED layer 111 and two 
20 electrodes may be formed on the lower surface of the red LED layer 112 with the substrate 115 sandwiched between 
the two layers 111 and 112. 

[0105] FIG. 16A illustrates an exemplary structure m which the two LED layers 111 and 112 are stacked one upon 
the other on the upper surface of a conductive substrate 115. In this structure, one electrode may be formed on the 
upper surface of the red LED layer 112 and another electrode may be formed on the lower surface of the substrate 115. 
25 [0106] FIG. 15B illust r ates an exemplar/ structure in which an LED layer 111 with double-sided electrodes and 
another LED layer 112 w.th sirgie-sided electrodes a-e stacked one uoon the ctre r on the backside of a conductive 
substrate 115. In this structure, one electrode may be formed on the upper surface of the substrate 115 and two 
eiectrodes may be formed on the iower surface of the red LED layer 112. 

[0107] FIG. 16C illustrates an exemplary structure in which a oiuc LED aye 111 for producing an cmiss.cn at a 
30 short wavelength is formed on the lower surface of a SLbstrate 115 and a red LED active layer 112" is formed on the 
upper surface of the substrate 115. The rec LED active layer 112' produces an emission when photoexc ; ted by the 
emission produced from the blue LED layer 111. In this structure two electrodes may oe formed on the lower surface 
of the blue LED layer 111. 

[0108] The structures shown in FIGS 15A through 16C are just a part of many imaginable combinations. So the 
35 combinations of the LED layers may be naturally mocified in various other ways In addition, the structures shown in 
FIGS. 15C, 16A, 16B and 16C may also be inverted vertically. 

[0109] The LED layers 111 and 112 do not have to be stacked one upon the other on one or two sides of the same 
substrate 115. Alternatively, these layers 111 and112rray also be placed side by side on one stde of the same substrate 
115. FIGS. 17A througn 18C illustrate typical examoles of such structures. 
•to [0110] FIG. 17A illustrates a structure in wmch the blue and red LED layers 111 and 112 are mounted side by side 
on the upper surface of the same conducive suostrate 115. In this structure one common electrode may be formed 
on the lower surface of the substrate 115 and two electrodes may be formed on the respective upper surfaces of the 
LED layers 111 and 112. 

[0111] FIG. 17B illustrates a structure in which the blue and red LED layers 111 and 112 are mounted side by side 
4 $ on the upper surface of the same non-conductive substrate 115. In this structure, two electrodes may be formed on 
the upper surface of each LED layer 111 or 112. 

[0112] FIG. 17C illustrates a vertically inverted version of the structure shown in FIG 17B. 

[0113] FIG. 18A illustrates a structure tn wnicr. tne due ana red LED iayers 111 ana 112 are mountec side cy side 
on the upper surface of tne same conductive substrate 115. In FIG. 18A, the red LED layer 112 has the same structure 
as that i;:ustrdtcd in FIG. 17A. m which one ccmrrc^ e ectrode is Vmed on the lower surface cf the sutst'iitc 115 and 
one electrode is formed on the uDper surface cf the red LED layer 112. i he blue LED layer 111 nas tne same structure 
as t h at illustrated in 1 7B ir wh ch twe e'ectrodes =ire termed on the ecoer surface o* the blue LED ! aye r 112. 
[0114] FIG. 18B illustrates a structure in which the two LED layers 111 and 112 are disposec side by side on a 
oedestal (not shewn) directly This structure needs nc substrate 115 and there is no need to perform the bonding 
55 process step shown in FIG 14C for this stoicture 

[0115] FIG. 18C illustrates a structure in which two LED layo r s 111 and 112, each hc'ud'ng doublo-sidcd electrodes 
are stacked one upon tne other on a pedestal (not shown). This structure needs no substrate 1 15, either. Also, according 
to this idea. LED layers with single- and/or double-sided electrodes may be stacked in other combinations. Or even 
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four LED layers may be stacked one upon the other 

[0116] The structures shown in FIGS. 17A through 18C are also just a Dart of many imaginable combinations So 
the combinations of the LED layers may be natura'iy modified in various ether ways \r. addition, the structures shewn 
in FIGS 17A. 18A and 18B may also be inverted vertically. 

5 [0117] According to the third embodiment, the light-emitting layers 111 and 112 of the blue and red LEDs 11 and 12 
are integrated together as one LED chip. Thus, the sites at which the red and blue emissions are produced are very 
close to each other in the same LED bare chip and can be regarded as substantially the same. As a result, the LED 
lamp can mix these two colors more effectively. In addition, the red- and blue-light-emitting sites are thermally coupled 
together more strongly and the temperatures at these two sites are even closer to each other. Accordingly those sites 

10 can be regarded as substantially identical thermally and it is easier to perform feedback control over the effects of heat 
on the optical output. 

EM30DIMENT4 

>5 [01 18] Hereinafter an LED lamp array 500 according to a fourth embodiment of the present invention will be described 
with reference to FIG 19. FIG 19 schematically illustrates an arrangement for the LED lamp array 500. In the LED 
lamp 100 of the first embodiment, the blue and red LED chips 11 and 12 and phosphor 13 are integrated together 
within a single envelope. On the other hand, in the LED lamp array 500 of the fourth embodiment, the two LED chips 
11 and 12 are included in two separate envelopes to make a cluster. That is to say, tne lamp array 500 consists of a 

20 number of those clusters. As for the fourth embodiment, only the differences between the first and fourth embodiments 
will be detailed and the description of the common features will be omitted or simplified. 

[0119] As shown in FIG. 19, the LED lamp array 500 includes multiple clusters, each being made up of LED white 
and red light sources 52 and 54. Although only two clusters are illustrated in FIG. 19, a number of clusters with the 
same structure are actually arranged in columns and rows to make the LED lamp array 500. In other words, the LED 

25 white and red light sources 52 and 54 are arranged in matrix. In each cluster, the LED white light source 52 includes 
the blue LED ch p 11 ard the yellow emitting phosphor 13 that exhibits a luminescence when photcexcited by the 
emission of the blue LED chip 11, whiie the LED red light source 54 includes the red LED chip 12. 
[0120] In the illustrated embodiment, the LED white light source 52 further includes the bulletlike Transparent plastic 
encapsulant 16 fcr molding the blue LED chip 11 and tne yellow em.tt.ng pnospnor 13 tegetner. As in the f.rst emood- 

30 iment. the blue LED chip 11 is mounted on the pedestal 17 of the leadframe 14. The LED red light source 54 further 
includes the bulletlike transparent plastic encapsulant 16 for molding the red LED chip 12 T which is also mounted on 
the pedestal 17 of the leadframe 14. The LED white and red light sources 52 and 54 may be arranged alternately, for 
example. 

[0121] In the LED lamp array 500 of the fourth embodiment, after the LED white and red light sources 52 and 54 
35 have been made of mutually different materials, multiple pairs of light sources 52 and 54 may be assembled together 
to form a lamp unit. Accordingly, the design processes of the LED light sources of these two types can be optimised 
separately. It is also possible to pick and assemble together only good LED light source products for a lamp unit, thus 
increasing the production yield. Furthermore, these light sources can be easily designed in such a manner as to improve 
the heat dissipation thereof. 

-w [0122] Moreover, even though luminous fluxes are separately output from the blue and red LED chips 11 and 12, 
these LED chips are independent of each other. So the blue and red LED chips 11 and 12 may be assembled together 
in any arbitrary numbers That is to say. the number of blue or red LED chips 11 or 12 included in the lamp array 500 
may be arbitrarily determined. For that reason, this lamp array 500 can be designed much more flexibly than usual. 
This is because compared to the first embodiment where multiple LED lamps, each including blue and red LED chips 

45 11 and 12 at a fixed ratio (i.e.. one to one), are assembled together, the arrangement of the fourth embodiment can 
increase the flexibility of the lamp design process. 

[0123] In this LED lamp array 500, the LED light sources 52 and 54 individually produce emissions in respective 
coiors at spatial, y cscrete pos. tiers Accordingly, compared tc the LED ;anp 100 of the first emcccr.e-.:, " whicn the 
blue and red LED chips 11 and 12 arc integrated together within a single envelope, the lamp ar^ay 500 might resL ; t in 
-~ -cased ce'e-r un-eve — oss Tc 'educe such color unevcrress. LED white a r -.d "cd light sources may be aranged as 

in an alternative LED lamp array 600 including stereoscopic clusters as shov/n in FlG . 20. 

[0124] In the example i"ustrated in HG 20, the LED I anno array 600 also mc'udes mult pie clusters each being made 
up of LED white and red light sources 62 and 64. In each cluster the LED wnite light source 62 includes tne blue LED 
chip 11 and the yellow emitting phosphor 13 that exhibits a luminescence when photcexcited by the emission of the 
55 blue LED chip 11, while the LED red light source 64 includes the red LED chip 12. In this array 600, the LED white 
light sources 62 are 'ocated at a differed level f r om that of the LED red light sources 64. That is to say, the two types 
of LED iight sources 62 and 64 are arranged stereoscopically at two mutuaiiy different levels in this LED lamp array 
600. Accordingly, the emissions outgoing from the LED light sources 62 ard 64 can be mutually reflected or refracted. 
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thus reducing the color unevenness. This LED iamp array 600 is so constructed as to further improve the color mixing 
performance by combining the bullet-shaped LED light sources 62 that have a relatively narrow luminous intensity 
distribution with the box-shaped LED light sources 64 that have a ro : at'voiy wide luminous intensity distribution. 
[0125] As already described for the first embodiment, the LED lamp array 500 cr 600 may produce light in various 

5 colors if the array 500 or 600 includes means fcr controlling the luminous intensity ratio of the LED white and red light 
sources 52 and 54 or 62 and 64. Also, the yellow emitting phosphor 13 may be replaced with a green emitting phosphor. 
Inthatcase. LED blue-green lightsources 52 or62.each including the olue LED chip 11 and a green emitting phosphor 
that exhibits a luminescence when photoexcited by the er ssion of the blue LED chip 11 , and LED red light sources 
54 or 64, each including the red LED chip 12, may be assembled together to form tne LED lamp array 500 or 600. 

10 [0126] In the foregoing embodiments, the blue LED cr p 11, made of any of GaN-based compounds (e.g., GaN. 
AllnGaN and lnGaN) ; is combined with a yellow emitting phosphor Alternatively, a ZnSe-based blue LED chip may 
also be used. In that case, white light may be produced by getting a yellow luminescence, produced from a ZnSe 
suostrate, photoexcited by the emission of the ZnSe-based blue LED chip. That is to say. the ZnSe substrate is used 
as an alternative phosphor then. 

15 

EMBODIMENT 5 

[0127] The LED lamps of any of the foregoing embodiments may be combined with a power supply to fc^m a lamp 
unit. In the lamp unit, power is supplied from tne power supply to the LED lamps FIG. 21 schematically illustrates a 

20 structure for a lamp unit 1000 according to a fifth embodiment of the present invention. 

[0128] As shown in FIG 21, the lamp unit 1000 includes: the LED lamps 100 of the first embodiment; reflector 110 
for reflecting off the light produced from the lamps 100; power supply 1 20 for suppiy:ng power to the lamps 100; and 
base 130 coupied to the power supply 120. A number of. typically 10 to 200. LED lamps 100 can be arranged on the 
bottom of the reflector 110. Furthermore, if the reflector 110 is thermally coupled to the LED lamps 100, then the 

25 reflector 110 can function as a heat sink contributing to d ssipating the heat generated from the lamps 100. As a result, 
the lamps 100 can be used fcr a longer time As the re' : e::o" 110. e t*-e r a diffuse re f! ectcr (e g white light reflector) 
or a mirror reflector (or reflective mirror) may be usee 

[0129] The present inventors confirmed that a iamp t 1 000 including afcou* 53 LED lamps 100 haa a beam flux 
(i.e., tne amount of luminous flux induced witntn a beam a-.g.c) cf 50 !m. a iifctirr.c of 10CC0 hours ar.d a luminous 

30 efficacy of about 30 to 50 Im/W. As can be seen, this performance is much better than that of a known lamp unit (with 
a beam flux of about 60 Im. a lifetime of 2000 hours and a ; j mi nous efficacy of about 1 5 Im/W) in which halogen electnc 
lamps, not an LED lamp, are combined with a d chroic n,-or. Also each LED lamp 1 00 included in the lamp unit 1000 
is a semiconductor device and is very easy to handle because the lamp has nothing to ac with the filament disconnection 
observed in the known electric bulb. 

35 [0130] Furthermore, where each LED lamp 100 is so constructed as to produce light in variable colors, the light 
produced by the lamp unit 1000 can change its color arb trarily. In that case, the circuit 200 shown in FIG. 6 may be 
provided for the power supply 120, to which an AC/DC converter may oe added, for example. In the example illustrated 
in FIG. 21, the power supply 120 is equipped with a light cclor control dial 122 and a brightness control dial 124 so 
that the color and brightness of the light produced are controllable using these dials 122 and 124. 

•to [0131] In the illustrated embodiment, the LED lamps 100 cf the first errbod^ent are used to form a lamp unit Al- 
ternatively, a lamp unit may also be made by ccmom:ng the LED lamps of tne second or third embodiment witn the 
power supply 120 or the LED lamp array 500 or 600 of the fourth embodiment with the power supply 120. Also, the 
lamp unit 1000 may or may not include the reflector 110 and base 130 depending on its intended application. Further- 
more, a unit consisting of around 60 LED lamps 100 may oe used as a single light source, Optionally, a plurality of 

45 those units may be used at a time. 

[0132] The inventive LED lamp includes a red LED ch;p. Accordingly, the LED larrp of the present invention snows 
good color reproducibility and can produce desired white '.gnt at an excellent luminous efficacy. Also where the lamp 
further incijdes means tor contro,,ing tne luminous .rte" = ty c' the rea LE~ c" p the iamp e.-.-i p r ~ 1 ! g ht tr any 
arbitrary eoior by controlling the !umi n ojs intens'ty o f the rod LED chip 

Claims 

1. An LED lamp comprising' 

55 

a blue LED f o r prcd'JCTg an cmiss'on at a wavelength falling within a blue wavelength range: 

a red LED for producing an emission at a wavelength failing within a red wavelength range; and 

a phosphor, which is photoexcited by the emiss on of the blue LED to exhibit a luminescence having an emis- 
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sion spectrum in an intermediate wavelength range between the blue and red wavelengtn ranges. 

2. The lamp of Claim 1 , wherein the red LED produces the emiss'on at a peak wavelength of 600 nm or more. 

3. The lamp of Claim 1 . wherein the blue LED produces the emission at a peak wavelength ct between 450 and 470 
nm, and 

wherein the red LED produces the emission at a peak wavelengtn of between 61 0 and 630 nm, and 
wherein the phospnor exhibits the luminescence at a peak wavelength of between 520 and 560 nm. 

4. The lamp of Claim 1 . wherein rf the LED lamp has a correlated color temperature of 5000 K or more and if color 
rendering performance of the lamp is appraised using a reconstituted daylight source as a standard source, the 
blue LED produces the emission at a peak wavelength of between 450 and 460 nm, the red LED produces the 
emission at a peak wavelength of 600 nm or more and the phosphor exhibits the luminescence at a peak wavelength 
of between 520 and 560 nm 

5. The lamp lt Claim 1 wherein if the LED lamp has a correlated color temperature of less than 5000 K and if color 
rendering performance of the lamp is apo r aised using a blackbody source as a standard source, the red LED 
produces the emission at a peak wavelengtn of between 615 and 650 nm and the phosphor exhibits the lumines- 
cence at a peak wavelength of between 545 and 550 nm, 

6. The lamp of Ciaim 1 . furthercomprising means for controlling an intensity of the emission produced by the red LED. 

7. The lamp of Claim 6 wherein the control means is a variable resistor. 

8. The lamp cf Claim 6. wherein the blue LED produces the emission at a peak wavelength of between 455 and 465 
nm. and 

wncrcm the red lED produces the cm.ssion at a poa.\ wave length of petween 62C and 530 nm, a~d 
wherein the phosphor exhibits the luminescence at a peak wavelength of between 540 and 550 nm. 

9. The lamp of Clam 1 wherein the phosphor s a yellow em.rting phosphor that exhibits a yellow luminescence when 
photoexcited by the emission of the blue LED 

10. The lamp of Claim 9. wherein the yellow emitting phespher is either a YAG phosphor or a phosphor doped with 
Mn as a luminescence center 

11. The lamp of Claim 1. w H erein the phosphor 's a green emitting phosphorthat exhibits a green luminescence when 
photoexcited by the emission of the blue LED 

12. The lamp of Claim 11. wherein the green emitting pnosphor is either a YAG phosphor or a phosphor doped with 
at least one element selected from the group consisting of Tb. Co, Eu and Mn as a luminescence center. 

13. The lamp of Claim 1 wherein the blue and red LEDs and the phosphor are integrated together within a single 
envelope. 

14. The lamp of Claim 13, wherein a site at which the blue LED produces the emission thereof and a site at which the 

rec lED procuces tre em.ssicr. trereof are ooth iocatec :r, a single cmp 

15. : an- -J C- 1 '-. ' wherein , , LED "ght 5Cj;c a~ c u >c!udcs +u o b'uc LED and the v^?zo u or and ™ CYC- 
LED light source, including the red LED. are separately disposed to make a cluster. 

16. A lamp unit comprising: at ;east one LED lamp as recited in Claim 1 : ard a power supply for supply. rg power to 
the lamp 

17. """he unit o* Cairn 15 'urthcr comprising a rcfcctcr f or ro* ! ecTng light produced from the lampi'sV 
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FIG. 5A | 
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FIG. 6 
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FIG. 7 
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FIG. 8C 
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FIG. 9A 
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